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In Brief
Mouse molars lose the ability to grow continuously, whereas incisors retain this ability. Li et al. suggest that a BMP-Smad4-SHH-Gli1 signaling network supports transient Sox2+ dental epithelial stem cells in molars. The differential fate of epithelial stem cells partially accounts for the different postnatal growth potential of molars and incisors.
INTRODUCTION
Ectoderm-derived organs include a large variety of highly specialized biological structures such as teeth, hair follicles, mammary glands, and salivary glands. Despite varying in number, shape, and function, all these ectodermal organs develop through continuous and reciprocal epithelial-mesenchymal interactions, sharing common morphological and molecular features especially during their embryonic development. The first morphological sign of their development is a thickening of the epithelium that forms the placode. In most cases, the placode invaginates into the mesenchyme and proliferates to give rise to a bud, while the surrounding mesenchyme starts to condense. During later stages of embryogenesis, the putative ectodermal stem cells adopt different fates and consequently generate a variety of tissue-specific stem cells, which are the sources for the various cell lineages that form the diverse ectodermal organs (Pispa and Thesleff, 2003) .
Most ectodermal organs undergo terminal differentiation and become functional postnatally. After birth, ectodermal organs are exposed to a high risk of damage and it is critical that they retain the ability to repair and regenerate throughout the lifespan of the organism. In a number of ectodermal organs, epithelial adult stem cells have already been identified and shown to support tissue homeostasis and injury repair, such as in mouse incisors (Biehs et al., 2013; Harada et al., 1999 Harada et al., , 2002 Juuri et al., 2012) , hair follicles (Blanpain, 2010; Blanpain and Fuchs, 2006; Blanpain et al., 2004; Tumbar et al., 2004) , mammary glands (Visvader and Smith, 2011) , and salivary glands (Lombaert et al., 2008) . These epithelial adult stem cells reside in niches that provide them with the proper signals to regulate their function and maintenance. In contrast, some ectodermal organs, such as human teeth and mouse molars, lack adult epithelial stem cells and lose the capacity for renewal and regeneration after development.
In mice, incisors maintain their epithelial stem cells along with their mesenchymal stem cells, allowing them to grow continuously throughout life (Biehs et al., 2013; Feng et al., 2011; Harada et al., 1999 Harada et al., , 2002 Zhao et al., 2014) . These stem cells reside in their niche, the cervical loop at the proximal end of the labial side of the incisor, and eventually differentiate into ameloblasts that deposit enamel along the labial side of the incisor from the proximal to the distal end (Harada et al., 1999 (Harada et al., , 2002 . In contrast, the cervical loop structure is lost after crown formation in mouse molars, and a double layer of root sheath epithelium forms to direct limited root growth postnatally, similar to human tooth development (Tummers and Thesleff, 2003) . Therefore, mouse teeth provide an ideal model system for the comparison of epithelial stem cell fate regulation in molars versus continuously growing incisors.
Previous studies have shown that the BMP/TGFb signaling pathways serve as key regulators that individually or coordinately control epithelial stem cell fate. BMP signaling appears to influence the activation of different types of epithelial stem cells, because inhibition of BMP signaling by overexpression of Noggin results in induction of hair placode formation as well as de novo formation of intestinal crypts (Botchkarev et al., 2001; Haramis et al., 2004; He et al., 2004) . Mutations that affect BMP signaling account for almost half of the cases of juvenile polyposis syndrome, a condition that can lead to intestinal cancer (Sancho et al., 2004) . Similarly, conditional ablation of the Bmpr1a gene, encoding a BMP receptor protein, results in the continued activation of hair follicle stem cells and the eventual formation of follicular tumors (Andl et al., 2004) . BMP signaling is also required for proper stem cell differentiation, as targeted ablation of Bmpr1a results in the accretion of undifferentiated hair follicle and intestinal epithelial cells (Andl et al., 2004; Kobielak et al., 2007; Sancho et al., 2004) . In contrast, epithelial stem cell populations in hair follicles show differential responses to TGFb signaling, including proliferation, differentiation, and apoptosis (Lin and Yang, 2013) . Additionally, activated TGFb/ phospho-Smad target genes and/or Smad interacting proteins are found in hair follicle bulge stem cells Tumbar et al., 2004) . Blocking TGFb signaling in bulge stem cell culture abolishes the colony-forming ability of these stem cells, suggesting that TGFb signaling is required for their maintenance (Lin and Yang, 2013) . Moreover, paracrine TGFb signaling counterbalances BMP-mediated inhibition of hair follicle stem cell activation (Oshimori and Fuchs, 2012) . Smad4 serves as a central intracellular mediator for both BMP and TGFb signaling transduction and plays a crucial role in regulating BMP/TGFb signaling during organogenesis (Ko et al., 2007; Massagué , 2000; Xu et al., 2008; Yang et al., 1998) .
In this study, we investigate (1) the effects of BMP/TGFb signaling on dental epithelial stem cells during development, and (2) whether BMP/TGFb signaling contributes to the differential fate of epithelial stem cells in postnatal tooth development. In addition, we identify BMP/TGFb downstream target genes to elucidate the molecular mechanism that regulates epithelial stem cells during postnatal tooth development and test whether the BMP/TGFb signaling network discovered here is also utilized in regulating epithelial stem cells during the formation of other organs.
RESULTS
Transient Sox2+ Stem Cells Contribute to All Epithelial Cell Lineages during Molar Development
Sox2 was recently identified as an epithelial stem cell marker in mouse incisors (Juuri et al., 2012) . Sox2 is expressed in the oral epithelium, dental cord, and dental epithelium during initiation and morphogenesis of both mouse molars and incisors (Juuri et al., 2013; Juuri et al., 2012) . Sox2+ cells in the mouse incisor contribute to all epithelial cell lineages and are dental epithelial stem cells (Juuri et al., 2012) . To determine whether Sox2+ cells in the mouse molar are also epithelial stem cells, we performed inducible genetic cell fate mapping in Sox2ÀCre ER ;R26R mice, in which tamoxifen transiently induces Cre-recombinase, leading to permanent expression of lacZ in Sox2+ cells and their progeny (Arnold et al., 2011) . We genetically labeled Sox2+ cells by administering tamoxifen at E11.5 and traced their descendants by detecting lacZ expression after 48 hr and 1 week ( Figure 1A ). After 48 hr, a small number of lacZ+ cells were detectable in the epithelial compartments of the lower first molar, including the oral epithelium, dental cord, and dental epithelium ( Figure 1B ), corresponding to the areas of Sox2 expression (Juuri et al., 2013) . One week after induction, the number of lacZ+ cells had increased, covering almost the entire enamel organ, including the ameloblasts (AM), outer enamel epithelium (OEE), stellate reticulum (SR), and stratum intermedium (SI) (Figures 1C and 1D) , demonstrating the self-renewing capacity of Sox2+ cells. In control R26R mice, no lacZ+ cells were detectable in the epithelial compartment (data not shown). These results demonstrate that Sox2+ cells in the mouse molar are epithelial stem cells, contributing to all epithelial cell lineages.
Using a time course study of Sox2 expression in the mouse molar, we found that Sox2 expression was largely restricted to both sides of the cervical loop, a putative stem cell niche in the dental epithelium, at E16.5, similar to the mouse incisor ( Figures  1E-1G ). Sox2 expression was undetectable after birth in mouse molars ( Figures 1H and 1I ). In contrast, Sox2 expression was maintained postnatally in the cervical loop of mouse incisors ( Figures 1H and 1J ). These data were further supported by our detection of Sox2 expression using Sox2-EGFP mice ( Figure S1 ) and are consistent with the findings of a previous study (Juuri et al., 2012) . Thus, Sox2+ dental epithelial stem cells transiently reside in developing mouse molars.
Loss of Smad4 in the Dental Epithelium Prolongs the Maintenance of the Cervical Loop and Molar
Crown Development BMP/TGFb signaling is a key regulator for stem cell fate determination in many epithelial tissues, such as hair (Oshimori and Fuchs, 2012) and intestine (He et al., 2004) , so we investigated whether Sox2+ epithelial stem cell fate in the developing mouse molar is also controlled by this pathway. We generated KRT14-rtTA;tetO-Cre;Smad4 fl/fl mice in which deletion of the gene encoding Smad4, the common mediator of BMP/TGFb signaling, can be induced by doxycycline. In order to explore the effect of BMP/TGFb signaling on the regulation of dental epithelial stem cell fate during tooth development, we decided to initiate the deletion of Smad4 at E16.5 (Figure 2A ), based on the following reasons: (1) at this stage, Sox2+ stem cells become restricted to the cervical loop but have yet to disappear, (2) also, at this stage, dental epithelial cells remain in an undifferentiated state, and (3) earlier ablation of Smad4 in the epithelium results in embryonic lethality (Xu et al., 2008) .
Loss of Smad4 in the dental epithelium prolonged molar crown formation and resulted in a longer crown in KRT14-rtTA; tetO-Cre;Smad4 fl/fl mice ( Figures 2B-2E ). Using time course histological analysis, we found that the multi-layered cervical loop structure, including the SR core, disappeared after crown formation and the bi-layered epithelial structure termed the HERS (Hertwig's Epithelial Root Sheath) formed at postnatal (PN) day 7.5 in control mice ( Figure 2F ). Afterward, the HERS grew downward, dissociated, and guided root formation ( Figures  2J and 2N) . In contrast, the absence of Smad4 in the dental epithelium affected HERS formation and resulted in maintenance of the cervical loop structure including the SR core as late as PN21.5 ( Figures 2G, 2K , and 2O). We analyzed Keratin 14 expression to examine the dental epithelial structure ( Figures  2H, 2I , 2L, 2M, 2P, and 2Q) and found that Smad4 mutant dental epithelium grew continuously and failed to dissociate (Figures 2M and 2Q) . Taken together, these data indicate that ablation of Smad4 in the dental epithelium prolongs the maintenance of the cervical loop and molar crown development.
Ablation of Smad4 Affects Dental Epithelial Cell Fate and Sox2+ Dental Epithelial Stem Cell Maintenance during Molar Development
The cervical loop area has been proposed to be the putative epithelial stem cell niche compartment in the mouse incisor (Harada et al., 1999) and vole molar (Tummers and Thesleff, 2003) , which grow continuously throughout life. The maintenance of the cervical loop in KRT14-rtTA;tetO-Cre;Smad4 fl/fl molars suggests there may be a change in dental epithelial cell fate in these mice. Proliferation was increased by almost 3-fold in PN7.5 Smad4 mutant dental epithelial cells compared to control dental epithelial cells in the cervical loop area, as indicated by Ki67 expression ( Figures 3A-3C ). We detected more proliferative activity in the cervical loop region of Smad4 mutant mice than in controls as late as PN21.5 ( Figure S2 ). In addition, we evaluated the differentiation ability of dental epithelial cells in KRT14-rtTA;tetO-Cre;Smad4 fl/fl mice compared to controls. To examine the status of ameloblast differentiation in the dental epithelium, we assayed the expression of Amelogenin, an ameloblast differentiation marker, using in situ hybridization. In control mice, we detected strong Amelogenin expression in the ameloblast layer ( Figure 3D ). In KRT14-rtTA;tetO-Cre; Smad4 fl/fl mice, however, Amelogenin was not detectable (Figure 3E) . Our data, therefore, suggest that lack of Smad4 in the dental epithelium affects cell proliferation and differentiation. Based on these results, we hypothesized that a population of cells in the cervical loop might remain in an undifferentiated, progenitor status due to the absence of Smad4 in the dental epithelium. Previous studies have demonstrated that Notch signaling pathway genes, such as Notch1 and Lunatic fringe (Lfng), can serve as molecular markers of the epithelial stem cell niche in self-renewing tooth types, such as the mouse incisor and vole molar (Harada et al., 1999; Thesleff, 2003, 2008) . We examined the expression of Notch1 and Lfng using in situ hybridization. In control mouse molars, we did not detect Notch1 or Lfng expression in the dental epithelium following HERS formation at PN7.5 ( Figures 3F and 3H ). In contrast, Notch1 expression was detectable in the SR and SI cells of the cervical loop in Smad4 mutant mice, and Lfng expression was detectable in the transit-amplifying (TA) epithelial cells of the inner enamel epithelium (IEE) ( Figures 3G and 3I ), consistent with their expression patterns in the continuously growing mouse incisor and vole molar (Harada et al., 1999; Thesleff, 2003, 2008) .
Similarly, we found that Sox2+ cells persisted in the cervical loop region of Smad4 mutant molars at PN7.5 ( Figure 3K ) and were detectable as late as PN21.5 ( Figure 3M ). In contrast, Sox2+ cells were not detectable in control molars (Figures 3J and 3L) . To rule out the possibility that the persistence of Sox2+ cells in dental epithelium is due to the delayed development of the HERS in Smad4 mutant molars, we harvested samples as late as 1 month after birth. In contrast to controls, continuous growth of the epithelium and maintenance of Sox2+ cells were also detectable in Smad4 mutant molars at PN31.5 (Figure S2) , indicating that the phenotype of Smad4 mutant molars is not simply due to the delayed development of the HERS.
Next, we examined whether the Sox2+ cells that persist in Smad4 mutant molars are functional stem cells, rather than merely the result of upregulated Sox2 expression due to deletion of Smad4. We used a dental epithelial stem cell (DESC) culture system (Chavez et al., 2014) to analyze molar DESCs in vitro. Dental epithelia from PN3.5 control or Smad4 mutant molars were dissociated to create single-cell suspensions ( Figures 3N  and 3O ). Seven days after plating the cells, we detected a significant increase in the total number of colonies formed in Smad4 mutant molar samples ( Figures 3P and 3Q) , with strongly positive expression of typical incisor DESC markers, Sox2 and Bmi1 (Biehs et al., 2013; Juuri et al., 2012) (Figures 3R and 3S) . In contrast, few colonies were detectable in control molar samples ( Figures 3P and 3Q ). Taken together, our results suggest that loss of Smad4 affects dental epithelial cell fate and maintenance of Sox2+ dental epithelial stem cells.
The BMP-Smad4 Signaling Cascade Regulates Sox2+ Dental Epithelial Stem Cell Maintenance during Molar Development
Previous studies have shown that BMP/TGFb signaling pathways individually or coordinately regulate epithelial stem cell fate determination (Andl et al., 2004; Botchkarev et al., 2001; Fuchs et al., 2004; Haramis et al., 2004; He et al., 2004; Kobielak et al., 2007; Lin and Yang, 2013; Oshimori and Fuchs, 2012; Sancho et al., 2004; Tumbar et al., 2004) . In order to determine whether the BMP-Smad4 or TGFb-Smad4 signaling cascade is responsible for the phenotypes in Smad4 mutant mice, we generated both KRT14-rtTA;tetO-Cre;Bmpr1a fl/fl and KRT14-rtTA;tetO-Cre;Tgfbr2 fl/fl mice in which BMP or TGFb signaling, respectively, is specifically blocked in the dental epithelium ( Figures 4A-4O ).
We found that KRT14-rtTA;Teto-Cre;Bmpr1a fl/fl mice, with specific disruption of BMP signaling in the dental epithelium, phenocopied KRT14-rtTA;Teto-Cre;Smad4 fl/fl mice, with prolonged molar crown formation, visible cervical loop structure, disturbed ameloblast differentiation and persistence of Sox2+ stem cells ( Figures 4B, 4D , 4F, 4H, 4I, 4L, and 4M). In contrast, disruption of Tgfbr2 in the dental epithelium did not affect molar crown formation or Sox2+ stem cell disappearance (Figures 4C, 4E, 4G, 4J, 4K, 4N, and 4O) . Taken together, our data indicate that the BMP-Smad4, not TGFb-Smad4, signaling cascade regulates Sox2+ epithelial stem cell maintenance during molar development.
The BMP-Smad4 Signaling Cascade Inhibits SHH-Gli1 Signaling Activity to Control Sox2+ Epithelial Stem Cell Maintenance during Molar Development To determine whether BMP-Smad4 regulation of Sox2+ stem cells is direct or indirect, we analyzed the expression pattern of pSmad1/5/8 in developing molars. At E16.5, pSmad1/5/8 was strongly expressed in the IEE and weakly expressed in SI and SR cells in the dental epithelium, except the cervical loop region ( Figures 5A and 5A 0 ). The majority of pSmad1/5/8+ cells did not overlap with Sox2+ stem cells in the cervical loop region (Figures 5A, 5A 0 , and 5A 000 ), indicating that BMP-Smad4 signaling might not directly regulate Sox2+ dental epithelial stem cells. Therefore, we infer that some other factor(s) must be released from pSmad1/5/8+ cells to regulate Sox2+ dental epithelial stem cell maintenance in the cervical loop region.
SHH, a member of the hedgehog signaling family, is expressed in the dental epithelium and plays an essential role during tooth development (Dassule et al., 2000; Nakatomi et al., 2006) . Previous studies have shown that Shh is induced or inhibited by BMP-Smad4 signaling during development (Bastida et al., 2009; Huang et al., 2010) . We found that Shh is mainly expressed in IEE and some SI and SR cells at E16.5, but not in dental epithelial cells in the cervical loop region ( Figure 5C ), similar to the pSmad1/5/8 expression pattern (Figure 5A) . Gli1, a transcription factor activated by SHH, is specifically expressed in dental epithelial cells in the cervical loop region and OEE at E16.5, complementary to the Shh and pSmad1/5/8 expression patterns ( Figures 5A and 5C ). Moreover, all Sox2+ dental epithelial stem cells in the cervical loop region overlapped with Gli1+ cells (Figures 5A, 5A 00 , and 5A 000 ) and were surrounded by SHH-secreting cells at E16.5 ( Figures 5C  and 5D ). Therefore, we hypothesized that SHH may be one of the key factors controlled by BMP-Smad4 signaling and may provide a niche to regulate Sox2+ dental epithelial stem cell maintenance during molar development ( Figure 5E ).
To test our hypothesis, we analyzed the expression patterns of pSmad1/5/8, Gli1, and Sox2 in the dental epithelium of KRT14-rtTA;tetO-Cre;Smad4 fl/fl and control mice at PN0.5. We found that pSmad1/5/8 expression in the dental epithelium expanded to the entire cervical loop region at PN0.5, whereas Gli1 expression was dramatically reduced in the cervical loop region and Sox2+ dental epithelial stem cells were not detectable ( Figures 5B-5B 000 , 6A, 6A 0 , and 6A 00 ). In contrast, more Gli1+ cells and Sox2+ dental epithelial stem cells were present and overlapped with each other in the cervical loop region at PN0.5 following inhibition of the BMP-Smad4 signaling cascade in Smad4 mutant mice ( Figures 6B-6B 00 ) . Postnatally, SHHsecreting cells persisted in the dental epithelium adjacent to the cervical loop in Smad4 mutant mice ( Figures 6D and 6F ). Activated Gli1 expression was also detectable in the cervical loop region at PN21.5 in Smad4 mutant mice combined with a Gli1-LacZ reporter line ( Figure 6H ). In contrast, Shh expression and Gli1 activity were significantly decreased after birth in the dental epithelium in control mice (Figures 6C, 6E, and 6G ). To determine whether persistent Sox2+ dental epithelial stem cells might be the result of extended activation of SHH signaling in Smad4 mutant dental epithelium, we generated KRT14-rtTA; tetO-Cre;Smad4 fl/fl ;Shh fl/fl mice in which the gene encoding Shh was deleted in Smad4 mutant dental epithelium ( Figures  6I-6Q ). MicroCT analysis showed that the abnormal crown and root morphology in Smad4 mutant mice were partially rescued after loss of Shh in the dental epithelium ( Figures 6J and 6K ). Histological analysis further revealed that loss of Shh in Smad4 mutant dental epithelium restored the root and periodontal tissue formation ( Figures 6L-6N ). More importantly, Sox2+ epithelial stem cells were no longer detectable in the dental epithelium of KRT14-rtTA;tetO-Cre;Smad4 fl/fl ;Shh fl/fl mice (Figures 6O-6Q) . These data suggest that maintenance of SHH-Gli1 signaling activity in the dental epithelium contributed to Sox2+ dental epithelial stem cell persistence in KRT14-rtTA;tetO-Cre;Smad4 fl/fl mice.
Deletion of Smad4 in the Dental Epithelium Results in Ectopic Activation of SHH-Gli1 Signaling and Ectopic Sox2+ Epithelial Stem Cells during Postnatal Incisor Growth
The maintenance of Sox2+ dental epithelial stem cells in the cervical loop allows mouse incisors to grow continuously throughout life (Harada et al., 1999 (Harada et al., , 2002 Juuri et al., 2012) .
Previous studies have reported that SHH, which is produced by the differentiating progeny of Gli1+ dental epithelial stem cells, regulates the generation of ameloblast progenitors from Gli1+ dental epithelial stem cells in mouse incisors (Seidel et al., 2010) . We analyzed the expression patterns of pSmad1/ 5/8, Gli1, and Sox2 in the dental epithelium during incisor development. pSmad1/5/8 has a similar expression pattern to that of SHH in the differentiating progeny of the epithelial stem cells (Figure S3 ). Sox2 and Gli1 co-localization is only detectable in the cervical loop ( Figure S3 ). These expression patterns persist at postnatal stages in mouse incisors ( Figure S3 ), unlike in mouse molars ( Figure 5 ). To investigate whether the mechanism regulating dental epithelial stem cell fate in the mouse molar is shared with the incisor, we specifically ablated Smad4 in the dental epithelium of mouse incisors and molars at the same stage. Loss of Smad4 in the dental epithelium resulted in significantly reduced enamel formation in Smad4 mutant incisors, indicated by microCT analysis (Figures 7A-7B 0 ). We found ectopic epithelial outgrowths in the TA cell region in Smad4 mutant incisors (Figures 7C and 7D ). We also detected increased proliferation in these ectopic epithelial outgrowths, based on Ki67 expression ( Figures 7E and 7F) . The ectopic outgrowths are located in the same region as pSmad1/5/8+ and SHHsecreting cells, suggesting that BMP-SHH interaction might also be involved in this phenotype in KRT14-rtTA;tetO-Cre; Smad4 fl/fl mice. To test our hypothesis, we analyzed the activated SHH signaling pathway in incisors of Smad4 mutant mice combined with a Gli1-LacZ reporter line. We detected ectopic Gli1 expression in the TA cell region including the ectopic outgrowth sites in KRT14-rtTA;tetO-Cre;Smad4 fl/fl mice (Figure 7H) . In contrast, Gli1 expression was not detectable in the TA cell region in control mice ( Figure 7G) . Surprisingly, Sox2+ dental epithelial stem cells were detectable in the TA cell region of Smad4 mutant mice, outside the cervical loop region, consistent with the location of ectopic Gli1+ cells ( Figures 7I and 7J) . These results suggest that loss of the BMP-Smad4 signaling cascade during mouse incisor development results in ectopic Sox2+ dental epithelial stem cells via activation of the SHH-Gli1 signaling cascade.
DISCUSSION
Ectodermal organs share many common features during development, with some important differences emerging postnatally. The mouse dentition provides an ideal model to study the difference in postnatal epithelial stem cells, because molars lose their stem cells whereas incisors maintain them. In this study, we utilized Sox2 as a dental epithelial stem cell marker to demonstrate the transient presence of dental epithelial stem cells during mouse molar development. Our in vivo and in vitro studies demonstrate that Sox2+ stem cells exist transiently during molar crown development, contribute to all epithelial cell lineages of the molar and disappear prior to root formation. Sox2 expression appears to be primarily restricted to the cervical loop, the putative stem cell niche, in the developing molar, as it is in the developing incisor (Juuri et al., 2012) . However, Sox2+ dental epithelial stem cells in the developing molar adopt a different fate than those in the incisor, disappearing during postnatal development. Therefore, our results suggest a mechanism at the cellular level for the loss of renewal and regeneration ability in mouse molars postnatally.
In this study, loss of Smad4 in the dental epithelium of developing molars results in maintenance of the cervical loop structure and Sox2+ dental epithelial stem cells postnatally. Alternatively, loss of Smad4 might have de-repressed Sox2 expression in a small subpopulation of epithelial stem cells. These findings suggest that BMP/TGFb signaling regulates dental epithelial stem cell fate determination during molar development. In self-renewing organs, such as the hair follicle, BMP signaling appears to influence the activation of epithelial stem cells and is required for proper stem cell differentiation (Andl et al., 2004; Kobielak et al., 2007) . Paracrine TGFb signaling counterbalances BMP-mediated repression of hair follicle stem cell activation (Oshimori and Fuchs, 2012) . In nonself-renewing mouse molars, we have found that BMP-Smad4, not TGFb-Smad4, signaling is required for the disappearance of Sox2+ dental epithelial stem cells in the cervical loop after birth.
Communication between stem cells and their niche enables adult stem cells to receive and respond to environmental changes, balancing their growth and regenerative potential or initiating terminal differentiation programs. The latter may provide a fail-safe mechanism to avoid dysplastic cell growth or amplification of the stem cell pool, while maintaining appropriate tissue homeostasis (Scadden, 2006) . In the mouse dentition, molars and incisors start with similar developmental processes but differ in tissue homeostasis due to the differing fates of their dental epithelial stem cells during development. In continuously growing mouse incisors, dental epithelial stem cells and their surrounding niche are maintained throughout life, resulting in the continuous differentiation of ameloblasts and deposition of enamel on the labial side of the incisor, analogous to the crown of a molar (Harada et al., 1999 (Harada et al., , 2002 . In contrast, in non-continuously growing mouse molars, the cervical loop niche including putative epithelial stem cells disappears after crown formation Figure S3 . and a double layer of root sheath epithelium directs limited root growth postnatally.
BMP activity negatively regulates Shh transcription during limb development (Bastida et al., 2009) . In this study, our time course analyses show the dynamic and complementary expression patterns of pSmad1/5/8 and Gli1, and the dynamic and colocalized expression patterns of Gli1 and Sox2 in the dental epithelium of developing molars. Blockage of the BMP-Smad4 signaling cascade in the dental epithelium results in persistence of SHH-Gli1 signaling activity and Sox2+ epithelial stem cells. Moreover, ablation of Shh in Smad4 mutant mice results in the disappearance of Sox2+ dental epithelial stem cells and the restoration of crown and root morphology. Our findings suggest that the BMP-Smad4-regulated SHH-Gli1 signaling pathway likely regulates Sox2+ epithelial stem cell maintenance during molar development. Our results are consistent with the role of the SHH-Gli1 pathway in stem cell niche maintenance in the developing neocortex and dental mesenchyme (Palma and Ruiz i Altaba, 2004; Zhao et al., 2014) . Interestingly, our previous study has shown that Smad4-mediated BMP signaling is required for SHH expression during early tooth development and postnatal root development (Huang et al., 2010; Xu et al., 2008) . This difference in regulatory outcomes of BMP/Smad4 and SHH signaling at different stages of tooth development highlights the complex and context-dependent nature that each signaling pathway may play within its network, varying at different developmental time points during organogenesis.
In incisors, loss of Smad4 in the dental epithelium releases the BMP inhibitory effect on the SHH pathway and expands the SHH-Gli1 signaling activity from the cervical loop to the TA cell region. This altered spatial distribution of SHH-Gli1 signaling activity seems to expand the stem cell niche in continuously growing mouse incisors, supported by the expansion of Sox2+ dental epithelial stem cells, consistent with our findings in developing molars in Smad4 mutant mice. Thus, the interplay between the BMP/Smad4 and SHH/Gli1 signaling pathways also regulates the fate of dental epithelial stem cells during mouse incisor development. Taken together, these findings suggest the BMP/Smad4/SHH/Gli1 signaling cascade is a well-conserved mechanism regulating epithelial stem cells during tooth morphogenesis.
In addition, activation of WNT/b-catenin signaling in the dental epithelium of postnatal mouse incisors resulted in similar phenotypes to those of Smad4 mutant incisors (Liu et al., 2010; Wang et al., 2009) . Constitutive activation of b-catenin decreased BMP signaling activity in incisor dental epithelium (Liu et al., 2010) . These findings suggest that the WNT-BMP signaling cascade might also participate in the regulation of dental epithelial cell fate. However, specific ablation of Bmpr1a in the dental epithelium using KRT5-rtTA;Teto-Cre;Bmpr1a fl/fl mice induced from E14.5 resulted in switched differentiation of crown epithelia into the root lineage and led to formation of ectopic cementum-like structures, which is related to the upregulation of Wnt/b-catenin signaling and epithelial-mesenchymal transition . The different findings from our observations might be due to the utilization of a different transgenic mouse model induced at a different time point.
From an evolutionary-developmental biology perspective, the regulation of the epithelial stem cell niche seems to control the switch between crown and root during tooth development, allowing for the existence of different tooth types in nature, such as brachyodont (lower crowned), hypsodont (higher crowned), and hypselodont (continuously growing) teeth Thesleff, 2003, 2008) . Our study suggests that a BMP/Smad4/SHH signaling network might control the crown/ root switch via the regulation of dental epithelial stem cells and their niche during tooth development. Moreover, our study highlights the importance of crosstalk between two major pathways, BMP and SHH, in the regulation of epithelial stem cell fate during tooth development. This discovery has significant implications for our understanding of the regulatory mechanisms of epithelial stem cell maintenance and suggests novel molecular approaches for tooth regeneration.
EXPERIMENTAL PROCEDURES
Animals
All animal models (ten different transgenic lines), their source of origin (e.g., Jackson Laboratory ID#), and original references describing each of these ten transgenic lines are listed in the Supplemental Experimental Procedures. All mouse experiments were conducted in accordance with protocols approved by the Department of Animal Resources and the Institutional Animal Care and Use Committee of the University of Southern California.
Tamoxifen and Doxycycline Administration
Tamoxifen (Sigma, T5648) was dissolved in corn oil (Sigma, C8267) at 20 mg/ml and injected intraperitoneally (single injection, 2 mg/10 g body weight). Doxycycline rodent diet (Harlan, TD.01306) was administered every day.
Immunofluorescence Staining, X-Gal Staining, and In Situ Hybridization The following primary antibodies were used in our study: Beta galactosidase (Abcam ab9361, 1:50) (used for detecting Gli1 expression in Gli1-lacZ mice), Bmi1 (Abcam ab14389, 1:200), Keratin 14 (Abcam ab7800, 1:200), Ki67 (Abcam ab16667, 1:100), pSmad1/5/8 (Cell Signaling 9511S, 1:500), Sox2 (Abcam ab97959, 1:2000 for in vivo, 1:500 for in vitro). Mouse cDNA clones were kindly provided by several laboratories: Amelogenin, Malcolm Snead; Lfng and Notch1, Thomas Gridley; Shh, Andrew McMahon. Detailed protocols are provided in the Supplemental Experimental Procedures.
Isolation and Culture of Molar Epithelial Stem Cells
Lower first molars were carefully dissected at PN3.5 with fine forceps. Dissected lower first molars were then placed in 500 ml 4 mg/ml Dispase II (Roche, 04942078001) in a 12-well plate for 20-30 min at 37 C. The molars were removed from Dispase II and placed in cold DMEM/F12 media (Invitrogen, 11320). The dental epithelium and mesenchyme were gently separated using two syringes (0.5 ml, 28 G 1/2) and the dental epithelial tissues were immediately placed in cold DMEM/F12 in a 1.5 ml centrifuge tube on ice. The tubes were spun down and the medium was removed, then replaced with 500 ml cell detachment solution (Sigma, A7089). After incubating the tissues in cell detachment solution for 30-40 min at 37 C, the tissues were dissociated by gently pipetting up and down using a 1,000 ml low-adhesion pipette tip (USA Scientific, 1182 -1830 . A single cell suspension was further produced through a 70 mm sterile cell strainer (Fisher Scientific, 08-771-2). After counting cells using an Automated Cell Counter (Bio-Rad, TC10), 6 3 10 4 cells were seeded in a 6-well plate in 1.5 ml DESC media, which consists of DMEM/F12 supplemented with mouse EGF recombinant protein (R&D, 2028-EG-200 ) at a concentration of 20 ng/ml, FGF recombinant protein (R&D, 233-FB-025) at a concentration of 25 ng/ml, 13 B27 supplement (Invitrogen, 10889-038), and 1% antibiotic solution (penicillin, 100 U/ml, streptomycin, 50 mg/ml) (Invitrogen, 15140-122) . Initial cultures were allowed to rest undisturbed for 4 days after plating to allow cell adhesion and colony formation. After 4 days culture in 5% CO 2 at 37 C, colonies were checked under a microscope and half of the volume (750 ml) of the old medium was replaced with an equal volume (750 ml) of new medium. After the first medium change, additional changes of 2 ml were performed every other day and colonies were checked under a microscope each time.
Colony-Forming Assay Independent dental epithelial cells (6 3 10 4 ) isolated from PN3.5 molars were seeded into 6-well culture plates. After 7 days, the culture plates were stained with a mixture of 0.1% toluidine blue and 2% paraformaldehyde solution. Colonies containing >50 cells were counted as single colony clusters.
MicroCT Analysis
MicroCT analysis was performed using a SCANCO mCT50 device at the University of Southern California Molecular Imaging Center. The microCT images were acquired with the X-ray source at 70 kVp and 114 mA. The data were collected at a resolution of 10 mm. The 3D reconstruction was done using AVIZO 7.1 (Visualization Sciences Group).
Statistics
A two-tailed Student's t test was applied for statistical analysis. A p value of <0.05 was considered statistically significant.
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